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The Hox genes specify the morphological diversity along the
anteroposterior axis of most animal species (Mann and Morata,
2000; McGinnis and Krumlauf, 1992). Hox proteins contain a DNA-
binding domain, the homeodomain (Gehring et al., 1994), and act as
transcription factors, controlling the expression of different
downstream genes (Graba et al., 1997). The outcome of Hox gene
activity is the formation of different structures. In fact, one
remarkable aspect of some Hox mutations is the transformation of
one structure into another one (Mann and Morata, 2000; McGinnis
and Krumlauf, 1992).
These transformations are particularly striking in Drosophila
appendages. For example, the ectopic expression of the Hox gene
Antennapedia in the antennal primordium converts the antenna into
a leg (Frischer et al., 1986; Jorgensen and Garber, 1987; Schneuwly
et al., 1987a; Schneuwly et al., 1987b). In some cases, homeotic
transformations have revealed the hidden appendage structure of
certain organs. Thus, the genitalia of Drosophila derive from a
primordium with appendage-like characteristics (Gorfinkiel et al.,
1999), and are indeed transformed into a leg or an antenna in the
absence of the Hox gene Abdominal-B (Abd-B) (Estrada and
Sánchez-Herrero, 2001).
The genitalia and analia (collectively known as terminalia) are
ectodermic structures located at the posterior region of the adult that
derive from the genital disc. This disc is the only unpaired disc of
Drosophila, and is formed by the fusion of three primordia
corresponding to the eighth (A8), ninth (A9) and tenth (A10)
abdominal segments. The different development of these primordia
in males or females depends on the sex-determination signals. In
females, the A8 segment forms the female genitalia and the eighth
tergite, the A9 forms the parovaria and part of the uterine wall (both
belonging to the internal genitalia), and the A10 forms the female
analia. In males, the A8 gives rise to a tiny A8 segment, the A9 to
the male genitalia and the A10 to the male analia (Keisman et al.,
2001; Nöthiger et al., 1977; Schüpbach et al., 1978). The
morphology of these structures, however, also depends on two other
groups of genes: one group is formed by genes such as engrailed,
hedgehog, decapentaplegic (dpp) and wingless, genes that are
involved in signaling pathways (Casares et al., 1997; Chen and
Baker, 1997; Emerald and Roy, 1998; Freeland and Kuhn, 1996;
Keisman and Baker, 2001; Sánchez et al., 1997; Sánchez et al.,
2001); the other group includes the Hox gene Abd-B, which is
needed for the formation of the genitalia (Casanova et al., 1986;
Celniker et al., 1990; Estrada and Sánchez-Herrero, 2001; Karch et
al., 1985; Sánchez-Herrero et al., 1985; Tiong et al., 1985), and the
Hox-like gene caudal (cad), which is required for analia
development (Moreno and Morata, 1999). It is the combined activity
of these three sets of elements (sex-determination genes, signaling
pathways and Hox genes) that shapes the terminalia of the adult fly
(reviewed by Christiansen et al., 2002; Estrada et al., 2003; Sánchez
and Guerrero, 2001).
Homeotic gene function in the genital primordia, however, is
more complex than what we have just described. First, the
abdominal-A (abd-A) Hox gene, required for the development of
A1-A8 in the embryo (Sánchez-Herrero et al., 1985; Tiong et al.,
1985), is expressed in the A8 of the female genital disc (Casares et
al., 1997; Freeland and Kuhn, 1996). No function has been ascribed
yet to such expression. Second, Abd-B is a complex gene: the use of
four different promoters and the existence of specific exons give rise
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to several transcripts that encode two different proteins. The A (m)
transcript encodes the Abd-B M (or Abd-B I) protein, and the B, C
(r) and  RNAs encode the Abd-B R (or Abd-B II) protein (Celniker
et al., 1989; DeLorenzi et al., 1988; Kuziora and McGinnis, 1988;
Zavortink and Sakonju, 1989). The Abd-B M protein has 221 amino
acids more than the Abd-B R product does in its N-terminal domain
but both proteins share a common C-terminal region, which includes
the homeodomain (Celniker et al., 1989; Zavortink and Sakonju,
1989). In the embryonic epidermis, the Abd-B M transcript and
protein are expressed in parasegments (PS) 10-13 (A5-A8
segments), whereas the Abd-B R transcript and protein are present
in PS14-PS15 (A9-A10) initially, and in PS14 (A9) at late stages
(Boulet et al., 1991; Celniker et al., 1989; DeLorenzi et al., 1988;
DeLorenzi and Bienz, 1990; Kuziora and McGinnis, 1988; Sánchez-
Herrero and Crosby, 1988). The  RNA is transcribed in just a few
cells of PS14 or PS15 (Kuziora and McGinnis, 1988).
The role of Abd-B M and Abd-B R products in genital
development remains unclear. Abd-B m mutations transform the A5-
A8 segments into the A4 segment, both in males and females; the
female genitalia are lost whereas male genitalia remain intact
(Casanova et al., 1986; Karch et al., 1985; Sánchez-Herrero et al.,
1985; Tiong et al., 1985). By contrast, mutations in Abd-B r function
eliminate genitalia and analia in both sexes (Casanova et al., 1986).
Significantly, the transformations obtained in either Abd-B m or Abd-
B r mutants clearly differ from those observed when all Abd-B
functions are eliminated: in some of the clones mutant for Abd-B (m
and r), part of the male or female genitalia are transformed into leg
or antenna (Estrada and Sánchez-Herrero, 2001). Therefore, the
precise role of abd-A, Abd-B m and Abd-B r in genitalia development
is not well defined.
We have analyzed homeotic expression and requirement in
terminalia development. We propose that in the embryonic genital
disc, as in the larval discs, Abd-B m, Abd-B r and cad are expressed
in the A8, A9 and A10, respectively. We also report that abd-A, Abd-
B m and Abd-B r are needed for development of the internal female
genitalia, Abd-B m for the development of female external genitalia
and Abd-B r for the development of male genitalia. Strikingly, abd-
A and Abd-B bear unexpected relationships in mature genital discs.
In the A8 of the female genital disc, Abd-B M maintains abd-A
expression. In Abd-B m mutant clones, however, another Abd-B
protein maintains abd-A expression but does not prevent abd-A
function, as these clones transform the A8 segment into the A4. In
the male A9, Abd-B r function does not repress the Abd-B m
transcript, at least in part of the primordium, and some Abd-B r
mutant clones transform male genitalia into leg or antenna. These
relationships between Hox genes are different from those reported
in the embryonic epidermis and contravene the rule that posteriorly
expressed Hox genes repress those expressed more anteriorly.
MATERIALS AND METHODS
Genetics
abd-AM1 is an abd-A null mutation (Sánchez-Herrero et al., 1985); abd-
Aiab3-277 is a breakpoint located at +63.0-64.5 kb [coordinates according to
Karch et al. (Karch et al., 1985)], which transforms abdominal segments
posterior to the A2 into the A2 (Busturia et al., 1989; Karch et al., 1985). The
Df109 (or DfUbx109) deficiency (89D1-89E1-2) eliminates the Ubx and abd-
A genes (Karch et al., 1985; Lewis, 1978; Sánchez-Herrero et al., 1985), and
the DfR59 deficiency eliminates the bxd regulatory region of Ubx, the abd-
A gene and the 3 regulatory region of Abd-B (Gyurkovics et al., 1990).
Dpbxd111 is a duplication on the X chromosome that includes the abd-A and
Abd-B genes (Lewis, 1981). Abd-BD18, a small deficiency (from +148.5-
150.0 to +163.5-166.5 kb) removing the Abd-B gene (Hopmann et al., 1995),
and Abd-BM1 (Casanova et al., 1986; Sánchez-Herrero et al., 1985) are Abd-
B (m– r–) mutations. Abd-BM5, Abd-BM3 (Casanova et al., 1986; Sánchez-
Herrero et al., 1985), Abd-BT2N (Estrada et al., 2002) and Abd-BD14 (Karch
et al., 1985) are Abd-B m– mutations: Abd-BM5 is caused by a C to T base
substitution that produces a stop codon at amino acid 119, and thus resulting
in an Abd-B M protein of 118 amino acids instead of the normal 493 (S.
Pelaz and G. Morata, personal communication); Abd-BT2N is a derivative of
a P-element insertion located at 48,957 (Estrada et al., 2002) [coordinates
according to Martin et al. (Martin et al., 1995)]; Abd-BD14 is a 411 bp
deletion extending from 66 bp upstream to 345 bp downstream of the
transcription initiation site of the Abd-B m RNA (Zavortink and Sakonju,
1989). Abd-BUab1 and Abd-BX23-1 are Abd-B r– mutations (Casanova et al.,
1986): Abd-BUab1 is an inversion within the bithorax complex with a
breakpoint at +185 kb (Karch et al., 1985) and Abd-BX23-1 has a breakpoint
at, approximately, +189 kb (Mack et al., 1997). The abd-A-lacZ (HC7JA1)
(Bender and Hudson, 2000) and hdc-lacZ (B5) (Weaver and White, 1995)
lines are P-lacZ insertions that reproduce the expression of the abd-A and
headcase genes, respectively. The Gal4/UAS system (Brand and Perrimon,
1993) was used to drive the expression of different genes with the following
constructs: UAS-abd-A (Michelson, 1994), UAS-Abd-B m (Castelli-Gair et
al., 1994), UAS-Dll (Gorfinkiel et al., 1997), UAS-GFP (Ito et al., 1997),
UAS-lacZ (Brand and Perrimon, 1993) and UAS-myc-EGFPF (Allan et al.,
2003). The Abd-B-Gal4LDN line (L.d.N. and E.S.-H., unpublished) and the
cad-Gal4 line (MD509) (Calleja et al., 1996) are insertions in the Abd-B and
cad genes, respectively, which reproduce the pattern of expression of the
Abd-B m and cad transcripts in the posterior embryonic abdominal segments.
The dpp-Gal4 line has been previously described (Staehling-Hampton et al.,
1994). The MKRS, abd-A-lacZ (Bender and Hudson, 2000), TM6B, and
TM6B, abd-A-lacZ balancers were used to identify mutant larvae and
embryos.
In situ hybridization
In situ hybridization was done basically as described (Cubas et al., 1991;
Wolff, 2000), with slight modifications. The DNA probe for the Abd-B m
(A) transcript is a BamHI genomic probe from 50,702 to 48,864
[coordinates as in Martin et al. (Martin et al., 1995)]. RNA probes for the
Abd-B m (A) or Abd-B r transcripts were obtained by the amplification of
Abd-B cDNA or genomic DNA with region-specific primers followed by in
vitro transcription reactions (Stoflet et al., 1988), using the Roche DIG
RNA-labeling mix. The Abd-B m probe includes 671 bp of the Abd-B m-
specific exon and was obtained with the following primers: 5-
CAGCAACTACAACAACAGCCGAC-3 and 5-ACACGCACACTGC-
CTAAAGAGC-3. Two ‘common’ probes were used to detect all Abd-B r
RNAs. The first one (I) includes 220 bp of two exons common to all the
Abd-B r cDNAs and 159 bp of the exon specific for the Abd-B r C cDNA,
and was obtained with the following primers: 5-TGGAAAGATCA-
GACTTGCAGGTCACG-3 and 5-TGGGATGGGAACTGACGCTG-
GA-3. The second one (II) includes 7 bp of an exon common to all the
Abd-B cDNAS, 223 bp of two exons common to all the Abd-B r cDNAs
and 66 bp of the exon specific for the Abd-B r  cDNA, and was obtained
with the following primers: 5-CGGAAGATTGTATTTGTGCGGTTG-3
and 5-TTGATGTCTGTGGGATGGGAAC-3.
Double X-gal staining and in situ hybridization was performed basically
as described previously (Wolff, 2000). For double antibody staining and in
situ hybridization in imaginal discs, in situ hybridization was carried out first
(Wolff, 2000), and this was followed by four washes in PBS for 15 minutes
each, incubation with the primary antibody overnight at 4°C, four washes in
PBS and incubation with the appropriate biotinylated secondary antibody
for two hours at room temperature; the imaginal discs where then washed
and stained with the Vectastain ABC kit.
Immunohistochemistry
Immunohistochemistry was carried out as previously described (Sánchez-
Herrero, 1991; Estrada and Sánchez-Herrero, 2001), with slight
modifications. The antibodies used were mouse and rabbit anti--
galactosidase (Cappel), mouse anti-Abd-B lA2E9 (Celniker et al., 1989),
rabbit anti-Abd-B (DeLorenzi and Bienz, 1990), rat anti-abd-A (Macías et
al., 1990), guinea-pig anti-Hth (Azpiazu and Morata, 2002), guinea-pig anti-
Snail (Kosman et al., 1991), rabbit anti-Tsh (Wu and Cohen, 2000), rabbit











Anti-Dll (Panganiban et al., 1995), rat anti-Dll (Wu and Cohen, 2000) and
mouse anti-Dll (Duncan et al., 1998). Secondary antibodies were coupled to
Red-X, Texas Red, FITC and Cy5 fluorochromes (Jackson
Immunoresearch). Staining with To-Pro-3 iodide was done as previously
described (Baena-López et al., 2003).
Histochemical staining
Internal genitalia were dissected out of late pupae, pharates or adults, and
the staining to detect -galactosidase expression was carried out as described
previously (Ashburner, 1989).
Clonal analysis
Mitotic recombination clones were induced during the larval period by the
FLP/FRT system (Xu and Rubin, 1993), with or without using the Minute
technique (Morata and Ripoll, 1975). Clones were identified in the adult by
the yellow cuticular marker and in the imaginal discs by the loss of the lacZ
or GFP markers. The genotypes of the larvae in which the clones were
induced are the following (in females the hs-flp is carried as an heterozygous
insertion).
abd-A– clones: y hs-flp122; FRT82B abd-AM1/FRT82B arm-lacZ.
Abd-B– (Abd-B m–r–) clones: w f36a hs-flp122; FRT82B Abd-
BD18/FRT82B arm-lacZ Dp(f+) M(3)w123, y hs-flp122; FRT82B Abd-
BD18/FRT82B hs-CD2 M(3)w y+ and y hs-flp122; FRT82B Abd-
BD18/FRT82B Ubi-GFP M(3)rpS3.
Abd-B m– clones: y hs-flp122; FRT82B Abd-BM5 or FRT82B Abd-
BM3/FRT82B arm-lacZ, y hs-flp122; FRT82B Abd-BM5 or FRT82B Abd-
BM3/FRT82B hs-CD2 M(3)w y+, y hs-flp122; FRT82B Abd-BM5 or FRT82B
Abd-BM3/FRT82B Ubi-GFP M(3)rpS3, w f36a hs-flp122; FRT82B Abd-BM5
or FRT82B Abd-BM3/FRT82B arm-lacZ Dp(f+) M(3)w123, and y hs-flp hs-
GFP FRT18A/Dpbxd111 arm-lacZ FRT18A; Abd-BD14/Abd-BD18.
Abd-B r– clones: y hs-flp122; FRT82B Abd-BUab1 or FRT82B Abd-BX23-1/
FRT82B arm-lacZ, w f36a hs-flp122; FRT82B Abd-BUab1 or FRT82B Abd-
BX23-1/FRT82B arm-lacZ Dp(f+) M(3)w123 and y hs-flp122; FRT82B Abd-
BX23-1/FRT82B hs-CD2 M(3)w y+.
Abd-B– abd-A+ clones: y tub-Gal4 UAS-GFP; FRT82B Gal80/FRT82B
Abd-BD18 UAS-abd-A.
Adult cuticle analysis
Flies were kept in a mixture of ethanol: glycerol (3:1) macerated in 10%
KOH at 60°C for 10 minutes, dissected, washed with water, dehydrated with
ethanol and mounted in Euparal for inspection under a compound
microscope.
RESULTS
Expression and function of Abdominal-B in the
embryonic genital disc
In the third instar genital disc of Drosophila, Abd-B is expressed
in the A8 and A9 segments, and cad in the A10 (Casares et al.,
1997; Freeland and Kuhn, 1996). To study whether these
expression domains are established early in development, we
have analyzed Abd-B and cad transcription in the embryonic
genital disc. This disc is identified by the expression of genes like
snail, escargot or headcase (hdc), and we selected the hdc-lacZ
B5 line, which reproduces the pattern of hdc RNA expression
(Weaver and White, 1985), to mark the genital disc. At about
stage 15 [stages according to Campos-Ortega and Hartenstein
(Campos-Ortega and Hartenstein, 1995)], hdc is expressed in
three clusters of cells, two anterior ones placed bilaterally, and a
third one located in a more posterior and central position (Weaver
and White, 1995) (Fig. 1A and Fig. 2A). The three clusters fuse
later in development to form the genital disc. At stage 15, we
counted six to seven cells at each of the two anterior groups, and
two to three cells in the posterior one, making up a total of 14-17
cells (n=12). Double staining with anti-Abd-B and anti--
galactosidase antibodies (in hdc-lacZ embryos), or with GFP and
anti--galactosidase antibody (in cad-Gal4/UAS-GFP; hdc-
lacZ/+ embryos), shows that Abd-B is expressed in the two
anterior clusters and cad in the posterior one (Fig. 1A-F).
To ascertain whether the two Abd-B products (Abd-B M and
Abd-B R) are present in the genital disc primordium, we compared
the expression driven by an Abd-B m-Gal4 line (see Materials and
methods) with the signal detected with an antibody that recognizes
both Abd-B M and Abd-B R proteins (Celniker et al., 1989). In
UAS-myc-EGFPF/+; Abd-B-Gal4LDN/hdc-lacZ embryos, we saw a
GFP signal in about two cells located laterally in each of the two
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Fig. 1. Expression of Abd-B and cad in the embryonic genital
disc. Anterior is to the top. (A-C) Double staining of a late stage 15
hdc-lacZ embryo with anti--galactosidase (green, A, note the three
clusters) and anti-Abd-B (red, B) antibodies. A merged image is shown
in C. Note that the posterior cluster of genital disc cells is not marked
with Abd-B (arrow). (D-F) Double staining of a stage 15 cad-Gal4/UAS-
GFP; hdc-lacZ/+ embryo marked with anti--galactosidase (red, D) and
GFP (green, E). A merged image is shown in F. See that the posterior
cluster (arrow) shows cad expression. (G-L) Embryonic genital disc cells
of a UAS-myc-EGFPF/+; Abd-B-Gal4LDN/hdc-lacZ embryo, showing
expression corresponding to the Abd-B m transcript (GFP expression,
green, I-L) in the anterior lateral cells of the disc primordium, marked
with an anti--galactosidase antibody (blue, G,J,L). GFP-marked cells
are a subset of those expressing Abd-B (red, H,K,L). Note that about
four anterior-lateral cells of the disc primordium express GFP (arrows, J)
and that some Abd-B-expressing cells are not marked with GFP (arrows,












anterior clusters; these cells most likely express Abd-B m, and,
therefore, are also labelled with the anti-Abd-B antibody (Fig. 1G,I-
L). There are also 8-10 Abd-B-expressing cells not labelled with
GFP, and these, probably, correspond to those expressing the Abd-
B R protein (Fig. 1H,K,L). Taken together, our results suggest that
the embryonic genital primordium includes three groups of cells that
probably express Abd-B m, Abd-B r and cad, respectively.
We have studied the Abd-B requirement in the development of the
embryonic genitalia by analyzing the disc morphology in different
Abd-B mutants. In Abd-B m– homozygous embryos, the genital
primordium lacks about four hdc-expressing cells, two in each of the
two anterior clusters (n=15; Fig. 2B, the wild type is shown in 2A).
In Abd-BUab1/Abd-BM1 (Abd-B r–) embryos, the disc primordium is
disorganized and contains about eight cells (n=15; Fig. 2C). Finally,
in embryos deficient for both Abd-B functions (henceforth, we refer
to embryos or cells mutant for both functions as Abd-B–) there are a
few scattered hdc-expressing cells, occasionally forming lateral
groups within the A8 segment (Fig. 2D). Some of the cells from
these groups ectopically express Dll (Fig. 2E-F), a marker of distal
appendage development (Cohen et al., 1989; Cohen et al., 1991). We
conclude that the two Abd-B functions are required to form a normal
embryonic genital disc, and that Abd-B confers identity to the A8
and A9 genital disc cells already at the late embryonic stages.
While this manuscript was under review, Chen and collaborators
(Chen et al., 2005) showed that whereas snail (sna) or escargot are
expressed in all of the cells from the embryonic genital disc (Chen
et al., 2005; Fuse et al., 1996; Hartenstein and Jan, 1992; Whiteley
et al., 1992), hdc is transcribed just in a subset of these cells. We have
confirmed this result by staining hdc-lacZ embryos with anti--
galactosidase and anti-Sna antibodies: three to five cells between the
two anterior hdc-expressing groups of cells, and some cells posterior
to them are stained with the anti-Sna antibody (data not shown).
However, whether or not we mark the disc with either hdc-lacZ or
Sna, Abd-B is expressed only in the anterior cells of the disc, and the
Abd-B m-Gal4 line drives signal just a subset of these cells (Fig. 1A-
C,I-L; data not shown). Chen et al. (Chen et al., 2005) have also
analyzed homeotic gene expression and requirement in the genital
disc, and conclude, as we do, that the embryonic genital disc is
formed by cells that express Abd-B m (plus abd-A), Abd-B r and cad,
and which probably correspond to the A8, A9 and A10 segments,
respectively.
abdominal-A is required to form the internal
female genitalia
To study homeotic gene function in the genital disc after embryonic
stages, we analyzed abd-A and Abd-B expression and function in
larvae and pupae. The mature female genital disc expresses abd-A
(Casares et al., 1997; Freeland and Kuhn, 1996) (Fig. 3A) in a
domain within the A8 segment that, according to fate maps,
corresponds to the presumptive internal female genitalia (Epper,
1983; Littlefield and Bryant, 1979). We have confirmed this
correspondence by studying abd-A expression throughout late larval
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Fig. 2. Abd-B is needed for the formation of the embryonic
genital disc. Anterior is to the top. (A) Late stage 15 hdc-lacZ embryo
showing the three clusters of cells that will form the genital disc.
(B) Stage 15 Abd-BM5 hdc-lacZ homozygous embryo. The embryonic
genital disc is formed by fewer cells in the mutant than in the wild type.
(C) Similar stage embryo of the genotype Abd-BUab1/Abd-BM1 hdc-lacZ.
The genital disc is disorganized and includes fewer cells than the wild
type does. (D) Stage 15 Abd-BM1 hdc-lacZ homozygous embryo. Some
-galactosidase-expressing cells are scattered (out of focus) and only
the posterior cluster remains (arrow). (E,F) In Abd-BM1 hdc-lacZ
homozygous embryos, Dll is ectopically activated in some posterior cells
(arrows, E; red, F); hdc is marked in green in F. vc, ventral cord.
Fig. 3. Expression and requirement of abd-A in the female
internal genitalia. (A) Third instar female genital disc, stained with an
anti-abd-A antibody. (B) Similar disc of an abd-A-lacZ larva stained with
X-Gal. The pattern of expression reproduces that of the anti-abd-A
antibody. (C,D) X-Gal staining of internal female genitalia from two late
pupae. The seminal receptacle (sr), spermathecae (s), uterus (u) and
oviducts (ov) are stained, whereas parovaria (p) are not. o, ovaries.
(E) Female genital disc of an abd-Aiab3-277/DfR59 female larva stained
with anti-abd-A antibody, showing a reduction in abd-A expression
compared with wild type. (F) Female internal genitalia of an
abd-Aiab3-277/Df 109 female. See that most elements of the internal
genitalia and the ovaries have disappeared (compare with C). vp,











and pupal development with an abd-A-lacZ line that reproduces abd-
A expression in the third instar female genital disc (Bender and
Hudson, 2000) (Fig. 3B, compare with 3A). In abd-A-lacZ pupae,
the internal female genitalia are intensively stained, including the
uterus, seminal receptacle, oviducts and spermatheca, but not the
parovaria (Fig. 3C,D). To explore whether abd-A is required for
female internal genitalia development, we used the abd-Aiab3-277
allele (see Material and methods). In abd-Aiab3-277/abd-A– female
genital discs, abd-A expression is substantially reduced (Fig. 3E),
and in abd-Aiab3-277/abd-A– females most of the internal genitalia
disappear or are highly abnormal (Fig. 3F, compare with wild-type
internal genitalia in 3C). As previously reported (Karch et al., 1985)
these mutant females lack ovaries.
Abdominal-B m is needed for the development of
the A8 and seems to maintain abdominal-A in the
A8 of the female genital disc
We wanted to study the expression and requirement of the different
Abd-B transcripts and proteins in the genital disc. A previous report
showed that an Abd-B m enhancer trap labels the A8 of female and
male genital discs, whereas an Abd-B r transcript is expressed in the
A9 of the male disc (Casares et al., 1997). To confirm these results,
we hybridized genital discs with probes specific for Abd-B m and
Abd-B r transcripts (Fig. 4A). Our results show, within our limits of
detection, that Abd-B m expression is strong in the A8 of male and
female genital discs, and weak in the A9 of the male disc (Fig. 4B-
E). This A9 signal is also observed in the embryo when similar
probes are used (Sánchez-Herrero and Crosby, 1988; Kuziora and
McGinnis, 1988; Boulet et al., 1991), and may represent genuine
Abd-B m transcription or may be due to hybridization to Abd-B r
unprocessed RNA. In support of the latter conclusion, we note that
the Abd-B-Gal4LDN insertion (although it drives expression only
where Abd-B m levels are high) is co-expressed with two markers of
the A8 segment, teashirt and high levels of homothorax (data not
shown) (Estrada and Sánchez-Herrero, 2001; Gorfinkiel et al.,
2003). Abd-B r is expressed in the A9 of male and female genital
discs, with some expression in a few cells in the lateral regions of the
female A8 (Fig. 4B,C,F,G).
As Abd-B M is the main or only product expressed in the A8,
most Abd-B m mutant clones in this primordium should behave as
clones that eliminate both Abd-B functions, that is, they should
transform part of the female genitalia into leg or antenna (Estrada
and Sánchez-Herrero, 2001). However, Abd-B m mutant clones,
similar to Abd-B m escapers (Casanova et al., 1986; Karch et al.,
1985; Sánchez-Herrero et al., 1985; Tiong et al., 1985), transform
the dorsal eighth tergite into an anterior tergite, and the genitalia into
structures sometimes resembling a sternite (Fig. 5A,B). In males,
these clones also transform the tiny A8 into an anterior abdominal
segment (Fig. 5C).
The difference between Abd-B– and Abd-B m– clones is also
observed in the A8 of the female genital disc. Although Abd-B–
clones present smooth borders and sometimes activate Dll (Estrada
and Sánchez-Herrero, 2001), Abd-B m– clones are indented and do
not express Dll (Fig. 5D-F). We note that most of the Abd-B– clones
that induce Dll transcription are located in the region where abd-A
is expressed. Because abd-A represses Dll in the embryo (Cohen et
al., 1991; Simcox et al., 1991; Vachon et al., 1992), we decided to
examine in more detail the relationship between abd-A, Abd-B and
Dll. abd-A mutant clones do not activate Dll (Fig. 5G-I) and do not
change Abd-B expression (Fig. 5J-L). Reciprocally, Abd-B m– clones
do not alter abd-A transcription (Fig. 5M-O).
Surprisingly, abd-A disappears or is strongly downregulated in
Abd-B– (Abd-BD18) clones (Fig. 5P-R). We note that abd-A also
seems to be absent in wild-type cells around some of the large
clones, but this is probably due to the bulging of the epithelium in
and around mutant cells, as double staining of the clones with a
nuclear ubiquitous marker, or with To-Pro-3 iodide, suggests that
abd-A repression is cell autonomous (not shown). The absence of
abd-A in Abd-B– clones indicates that Abd-B is required to maintain
abd-A expression in the A8 of the female genital disc (perhaps
through iab regulatory regions), which is the opposite of its role in
the embryonic ectoderm, where Abd-B represses abd-A (Karch et al.,
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Fig. 4. Abd-B m and Abd-B r expression in mature genital discs.
(A) Scheme representing the Abd-B transcription unit (not drawn to
scale). The  RNA is not represented. Red or blue rectangles represent
exons of Abd-B m (red) or of Abd-B r (blue) transcripts, and black boxes
represent coding regions. (B,C) Drawings of the female (B) and male (C)
genital discs (ventral views), indicating the A8 and A9 primordia. The
A10 primordium is on the opposite side in both discs. (D,F) Female
discs hybridized with probes detecting the Abd-B m transcript (D) or the
Abd-B r RNAs (‘common’ probe; F). (E,G) Male discs hybridized with
Abd-B m (E) and Abd-B r (G) probes. Arrowheads in D and F indicate
the A9, and in E and G, the A8 segment. Note that the Abd-B m
transcript is expressed in the A8 of female and male discs, with some
weak expression in the male A9, and that the Abd-B r transcript is
present in the male and female A9, with some signal also in the female
A8 (arrows; the most central expression in this primordium, out of
focus, is the signal from the dorsal A9). Note also the low or absent












1990; Macías et al., 1990; Sánchez-Herrero, 1991). In Abd-B–
clones, Dll is ectopically expressed (Fig. 5P,R), and this is
independent of abd-A, as in clones that simultaneously lose Abd-B
and gain abd-A expression (Abd-B– abd-A+ clones) Dll signal is still
present (Fig. 5S-W). Moreover, ectopic abd-A expression in Abd-B–
abd-A+ clones does not repress Dll in the male primordium of the
genital disc or in the leg discs (Fig. 5X and not shown). By contrast,
ectopic Abd-B m protein represses Dll in the leg disc (data not
shown). Strikingly, ectopic Dll expression represses abd-A (Fig.
5Y). Two conclusions can be drawn from these results: first, that
although the Abd-B m transcript is the main or only Abd-B transcript
expressed in the female A8, a very different outcome is obtained if
Abd-B m or both Abd-B m and Abd-B r functions are eliminated in
this primordium; second, that the relationships between Abd-B and
abd-A, and between abd-A and Dll, are the opposite of those
observed in the embryo.
The results presented above prompted us to investigate Abd-B
expression in Abd-B– and Abd-B m– clones. In Abd-BD18 (Abd-B–)
clones there is, as expected, no Abd-B expression (not shown).
Surprisingly, the Abd-B signal does not change in Abd-BM5, Abd-BM3
or Abd-BD14 mutant clones (Fig. 6C-E and data not shown). This
result was observed with two different antibodies that recognize both
Abd-B proteins (Celniker et al., 1989; DeLorenzi and Bienz, 1990)
and cannot be attributed to the presence of an abnormal Abd-B M
protein because the alleles used do not make Abd-B M product, and
the Abd-BD14 mutation does not even make Abd-B m RNA (Boulet
et al., 1991; Casares and Sánchez-Herrero, 1995; Celniker et al.,
1990: DeLorenzi and Bienz, 1990; Zavortink and Sakonju, 1989)
(Fig. 6A-B). One possible interpretation of this result is that Abd-B
r is derepressed in Abd-B m– clones induced in the female A8. To
confirm this, we looked at Abd-B r expression (using the ‘common’
probe I; see Materials and methods) in Abd-BM5 mutant clones.
However, as shown in Fig. 6F-H, such derepression was not
observed.
Our phenotypic analysis of Abd-B m function has been confined
so far to the external genitalia and the eighth tergite. However, Abd-
B m transcripts are also present, although at low levels, in the
presumptive internal genitalia of third instar genital discs (Fig. 4D).
To follow Abd-B m transcription at later stages, we examined lacZ
expression in the internal female genitalia of Abd-BGal4LDN/UAS-
lacZ late pupae and pharate adults. As shown in Fig. 6I,J, and similar
to the expression observed in abd-A-lacZ females (Fig. 3C), X-gal
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Fig. 5. Abd-B m function in the genitalia and the
female genital disc. (A) An Abd-BM5 mutant clone in the
female right eighth hemi-tergite, marked with yellow, is
converted into an anterior tergite (arrow). Compare with
the left, wild-type, hemi-tergite (arrowhead). (B) Similar
mutant clone showing transformation of the genitalia into
a sternite (arrow). S7, seventh sternite. (C) Abd-BM3 clone,
marked with yellow, showing transformation of the male
A8 tergite (normally very small) into an anterior one
(arrow). T7, seventh tergite; g, genitalia. (D-F) Abd-BM5
clones in the A8 of the female disc, marked by the absence
of the lacZ marker (green, D), do not activate Dll (red, E;
arrowheads in E and H mark the wild-type Dll expression).
a, analia. The merged image is shown in F. (G-L) abd-AM1
mutant clones in the female A8, marked by the absence of
the -galactosidase marker (G,J, green), do not eliminate
Dll (H, red) or Abd-B (K, red) expression. Merged images
are shown in I and L. (M-O) Abd-BM5 clones in the A8 of
the female genital disc, marked by the absence of the lacZ
marker (in green in M), do not change abd-A expression
(red, N). A merged image is shown in O. (P-R) Abd-BD18
mutant clones in the A8 segment, marked by the absence
of the -galactosidase marker (blue, P,R; clones are
outlined), eliminate abd-A expression, detected by an anti-
abd-A antibody (green, Q,R), and activate Dll protein
expression (red, P,R). (S) Abd-BD18 abd-A+ clones, marked
with GFP (in green), eliminate Abd-B (blue) and activate Dll
(red) expression. The boxed clone is shown in detail in T-W.
(X) Similar clones induced in the leg disc do not eliminate
Dll, as shown by the co-expression of the GFP marker
(green) and Dll (red), giving a yellow color (arrowheads).
(Y) dpp-Gal4/UAS-Dll female disc showing elimination of










Tstaining is detected in the spermathecae, the uterus and, weakly, in
the seminal receptacle, but not in the parovaria; however, and in
contrast to the results obtained with the abd-A insertion, oviducts
were not stained (Fig. 6I). In females mutant for Abd-B m, the
internal female genitalia do not develop properly and, in some cases,
parovaria are the only structures remaining (Fig. 6K). In males, Abd-
B m mutations do not affect the internal genitalia, although the testes
are reduced in size and are not connected properly with the internal
genitalia (data not shown).
Abdominal-B r is required for the development of
male genitalia
Abd-B r transcripts are expressed mainly or only in the A9 segment
of male and female genital discs (Fig. 4F,G), but Abd-B r mutations
eliminate genitalia and analia in both sexes (Casanova et al., 1986;
Celniker and Lewis, 1987; Karch et al., 1985; Kuhn et al., 1981).
To define the requirement for the Abd-B R product during larval
development, we induced Abd-B r– mitotic recombination clones
during larval stages. These clones are normal in the analia of both
sexes and in the external female structures. In the male genitalia, we
observe two types of clones: some of them, probably induced in the
internal genitalia, transform genital structures into distal leg or, less
frequently, antenna (Fig. 7A-D), thus resembling the
transformations observed in Abd-B– clones (Estrada and Sánchez-
Herrero, 2001). By contrast, clones in the lateral plates or clasper
teeth are wild type or cause only slight pattern alterations. In
accordance with the transformations observed in the adult, some
Abd-B r– clones induced in the male A9 eliminate Abd-B expression
(Fig. 7E-G), and a few of these activate Dll (Fig. 7H-J); these clones
have smooth borders and are located mostly in the penis apparatus
presumptive region (Bryant and Hsieh, 1977; Bryant, 1978). Clones
in other regions are, in general, indented, do not activate Dll and
show normal or slightly reduced Abd-B expression (see summary
in Fig. 7K). Some clones mutant for the Abd-Bx23-1 hypomorph
allele also show a reduction in or elimination of Abd-B protein
expression in the male A9 and transformation into leg tissue in the
adult.
In Abd-B r mutant flies, the internal genitalia of males is absent
(not shown), while that of females is abnormal. A common feature
of these females is the absence of parovaria, and in about half of
them we observe three and even four spermathecae instead of the
normal two (Fig. 7L). Supernumerary spermathecae are also
detected in females bearing Abd-B r– clones (data not shown). In a
few cases, duplications of part of the internal genitalia are observed
in Abd-B r mutant females.
DISCUSSION
In this work, we describe the expression and function of abd-A and
Abd-B in Drosophila genitalia development. As in the embryonic
cuticle, abd-A and Abd-B m are needed in the A8 whereas Abd-B r
is required in the A9. The relationship between these homeotic
products in the mature genital discs, however, clearly differs from
what is observed in the embryonic epidermis. In what follows, we
discuss several aspects of abd-A and Abd-B expression and function
in genital development.
Abdominal-B expression and function in the
embryonic genital disc
We report that the embryonic genital disc has three distinct cell
populations at stages 15/16: some anterior-lateral cells transcribe
Abd-B m, anterior-central and middle cells express Abd-B r and
posterior cells transcribe cad, although the expression of these
products may overlap. Because the genital disc is formed by the
fusion of cells coming from the A8, A9 and A10 segments (Nöthiger
et al., 1977; Schüpbach et al., 1978), and by analogy to the
expression of these genes in the mature genital discs (Casares et al.,
1997; Freeland and Kuhn, 1996) (this report), we conclude that Abd-
B m, Abd-B r and cad are probably expressed in the A8, A9 and A10
segments, respectively, of the embryonic genital disc.
Abd-B is not only expressed, but also required in the embryonic
genital primordium. In the absence of Abd-B m, the number of hdc-
expressing cells in the disc is reduced, most likely because these
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Fig. 6. Abd-B expression in Abd-B m mutant embryos and
clones, and Abd-B m expression and function in the female
internal genitalia. (A) Wild-type stage 11 embryo showing Abd-B
expression, detected with the lA2E9 monoclonal antibody, in PS12-
PS14 (A7-A9). (B) Abd-BM5 homozygous embryo at a similar stage,
stained with the same antibody. The Abd-B expression is restricted to
PS14. (C-E) Abd-BM5 clones induced in female A8 do not eliminate
Abd-B expression. Clones are marked by the absence of GFP marker
(green, C), and Abd-B expression is detected with the anti-rabbit anti-
Abd-B (red, D). A merged image is shown in E. (F) Abd-BM5 clones
induced in the same primordium, marked by the absence of X-gal
staining (light blue), do not ectopically activate Abd-B r expression
(purple). (G,H) Detail of the regions boxed in F. Note the Abd-B r wild-
type expression in the female A9 (arrowheads) and its absence, or very
low expression, in the clones (arrows). (I) Female internal genitalia of
an UAS-lacZ/+; Abd-B-Gal4LDN/+ late pupa. The spermathecae (s) and
uterus (u) are stained, whereas parovaria (p) and oviducts (ov) are not.
o, ovaries; vp, vaginal plates. (J) Detail of I, showing absence of
staining in the parovaria. (K) Abd-B m mutant female showing
disappearance of all the external and internal genitalia except the












cells adopt now a more anterior fate, as occurs in the cuticle
(Sánchez-Herrero et al., 1985; Tiong et al., 1985). When Abd-B r is
absent, the genital primordium lacks some cells and is disorganized,
and when both Abd-B products are absent, the primordium is
reduced to a few, dispersed cells, some of which express Dll
ectopically, suggesting a transformation into a leg primordium.
The A8, A9 and A10 primordia of the mature genital discs bear
anterior and posterior compartments, with expression of en and wg
in each of these three primordia (Casares et al., 1997; Chen and
Baker, 1997; Freeland and Kuhn, 1996; Sánchez et al., 1997).
Curiously, although we can define three primordia in the embryonic
disc, based on the expression of Abd-B m, Abd-B r and cad, neither
en nor wg is expressed in the three separate domains at this stage
(Casares et al., 1997). This may suggest, as was also recently
proposed (Chen et al., 2005), that new bands of en and wg
expression may be formed later in development, in precise
concordance with the three primordia defined previously by the Abd-
B m, Abd-B r and cad genes (see Casares et al., 1997). We note that
late en expression is also characteristic of the antennal primordium
of the eye-antennal disc (Morata and Lawrence, 1978).
abdominal-A and Abdominal-B m requirement in
internal female genitalia development
We have shown that abd-A is expressed in the whole internal female
genitalia except for the parovaria, and this is consistent with
experiments indicating that parovaria derive from the female A9
segment (Keisman et al., 2001). abd-A has been shown to be
required for gonad development (Boyle and Dinardo, 1995;
Brookman et al., 1992; Cumberledge et al., 1992; Greig and Akam,
1995; Karch et al., 1985; Karch et al., 1990; Moore et al., 1998;
Warrior, 1994), and in the abd-Aiab-3/Df mutant combinations ovaries
are also absent. However, the defects we observe in the female
internal genitalia are not simply due to an indirect effect of the lack
of gonads, as iab-4 mutations prevent the formation of the ovaries
but do not alter internal genitalia formation (Cumberledge et al.,
1992).
Our results indicate that Abd-B m is required for the development
of female external and internal genitalia, both derived from the
female A8 (Nöthiger et al., 1977; Schüpbach et al., 1978). The
internal genitalia of Abd-B-Gal4LDN/UAS-lacZ females were stained
with X-gal except in two structures, the oviducts and parovaria. The
absence of oviduct staining in Abd-B-Gal 4LDN/UAS-lacZ females
is probably due to the particular expression driven by this reporter,
and does not imply an absence of Abd-B m transcription in these
organs, for two reasons: first, Abd-B m transcripts are present in the
whole A8 segment of the female genital disc; and second, oviduct
development is affected in Abd-B m mutant females. Parovaria, by
contrast, are not stained in Abd-B-Gal 4LDN/UAS-lacZ or abd-A-lacZ
females, and this agrees with their A9 provenance (Keisman et al.,
2001). This is supported by the observation that in some Abd-B m
mutant females parovaria are the only structures that remain in the
internal female genitalia.
abdominal-A, Abdominal-B m and Abdominal-B r
cross-regulatory interactions in the genital disc
Abd-B M seems to be the main or only Abd-B product present in the
female A8, so it was expected that elimination in this segment of just
Abd-B M or of all Abd-B proteins would give similar results. This
is not so. Some Abd-B– clones transform part of the female genitalia
into leg or antenna (Estrada and Sánchez-Herrero, 2001), whereas
Abd-B m mutant clones convert the eighth tergite, and probably the
female genitalia, into an anterior abdominal segment. The
differences between Abd-B m– and AbdB– clones in the A8 of the
female genital disc reveal the existence of unsuspected regulatory
interactions between the abd-A and Abd-B genes: whereas Abd-B m–
clones do not affect abd-A, in AbdB– clones abd-A expression is
eliminated. This is a surprising result, because it is contrary to what
is observed in the embryo, where Abd-B represses abd-A (Karch et
al., 1990; Macías et al., 1990; Sánchez-Herrero, 1991).
Abd-B m– clones induced in the female A8 do not alter abd-A
expression but do not change Abd-B expression levels either. This is
observed with mutations that do not make Abd-B M protein, so the
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Fig. 7. The Abd-B r function is
required for the development
of the male genitalia. (A-D) In
the male genitalia, some Abd-
BUab1 clones transform into leg
tissue (A, boxed region is
ampliﬁed in B; arrows point to
bracted bristles) or into antenna
(C, boxed region is ampliﬁed in
D), ar, malformed arista; III, third
antennal segment. (E-G) Some
Abd-BUab1 clones in the A9 of the
male disc, marked by the
absence of the lacZ marker (red,
E) eliminate Abd-B expression
(green, F). Merged image in G.
(H-J) Male disc bearing similar
clones, marked by the absence of
GFP (green, H), eliminate Abd-B
expression (I, blue), and in some
cells activate Dll (I,J, red, arrow).
In some clones there is no Abd-B
expression but no Dll activation
either (arrowheads, I). (K) Drawing of a male genital disc showing the distribution of Abd-BUab1 clones that eliminate Abd-B expression (pink) and
those that do not (green). The region where most ‘pink’ clones accumulate includes, mainly, the presumptive penis apparatus domain. (L) Internal












Abd-B protein detected is not the Abd-B M product. Surprisingly,
although we detect some Abd-B r expression in the female A8, we
do not see uniform Abd-B r expression throughout this primordium
and Abd-B r transcripts seem not to be derepressed in Abd-BM5
mutant clones. We have no explanation for this conundrum. Perhaps
the probe used, although it includes sequences complementary to all
of the Abd-B r cDNA sequences that have been published (Celniker
et al., 1989; DeLorenzi et al., 1988; Kuziora and McGinnis, 1988;
Zavortink and Sakonju, 1989), does not efficiently detect all of the
non-Abd-B m transcripts.
The differences in regulatory and functional interactions among
gene products in the embryo and the genital discs are not limited to
those of Abd-B and abd-A that have been discussed above. First,
there may be changes in phenotypic suppression: the transformation
of the eighth tergite to the fourth one in Abd-B m– clones is due to
abd-A (E.S.-H., unpublished). Because in these clones Abd-B
protein is still present, this suggests that abd-A may phenotypically
suppress Abd-B, differently from what is generally observed in the
embryo (Castelli-Gair et al., 1994; Sánchez-Herrero et al., 1994).
Second, Abd-B r represses Abd-B m in the embryo (Casanova et al.,
1986; Boulet et al., 1991), but some Abd-B r– clones do not activate
Abd-B m in the male disc (see below). Finally, abd-A represses Dll
in the embryo (Cohen et al., 1991; Simcox et al., 1991; Vachon et
al., 1992), but not in the female genital disc, and ectopic Dll can
repress abd-A instead. abd-A does not repress Dll in the leg discs
either, and this resembles Ubx function, which represses Dll only
early in development (Castelli-Gair and Akam, 1995). By contrast,
we have shown that Abd-B represses Dll in the embryo (this report),
in the larval genital disc (Estrada and Sánchez-Herrero, 2001), and
in the leg disc when ectopically expressed (this report).
The Abdominal r function and male genitalia
development
Abd-B r expression is restricted to the A9 segment in male genital
discs, but shows expression in the A9 and in some cells of the A8 in
female genital discs. In spite of this, Abd-B r– clones in the external
female genitalia (A8) are phenotypically wild type. In the male A9,
some Abd-B r mutant clones eliminate Abd-B, activate Dll and
transform part of the genitalia into distal leg or antenna. This is
similar to the result obtained in some Abd-B– clones, and it implies
that Abd-B m is not derepressed in these mutant clones. However,
Abd-B m is perhaps derepressed in those Abd-B r mutant clones
where Abd-B signal (detected by the common antibody) remains.
Although Abd-B r– clones affect, almost exclusively, male
genitalia development, Abd-B r hemizygous or trans-heterozygous
flies lack genitalia and analia in both sexes (Casanova et al., 1986).
This probably reflects the absence of proper interactions between the
different primordia needed for the growth of the genital disc
(Gorfinkiel et al., 2003). In Abd-B r mutant females, the internal
genitalia are abnormal, and in some of these females we observe an
absence of parovaria and the presence of three or four spermathecae.
This phenotype is consistent with a segment-autonomous
transformation of A9 derivatives (parovaria) into A8 structures
(spermathecae), similar to the embryonic cuticular transformation
of A9 into A8 observed in Abd-B r mutations (Casanova et al.,
1986). A transformation of parovaria into spermathecae has been
previously described in Polycomblike mutants (Duncan, 1982), and
may also indicate a transformation of A9 to A8.
Genetic organization of the genital disc
Our results illustrate that there are quite different Hox cross-
regulatory interactions in the embryo and in the genital disc (Fig.
8A). The effects in the genital discs contradict the general rule that
genes transcribed more posteriorly suppress or downregulate the
expression of more anterior ones (Hafen et al., 1984; Struhl and
White, 1985). This rule has, nevertheless, some exceptions in genes
of the Antennapedia complex (Miller et al., 2001). Further,
differences in Hox cross-regulation between the embryo and
imaginal discs are not unprecedented: the proboscipedia (pb) Hox
gene is positively regulated by Sex combs reduced in the embryo
(Rusch and Kaufman, 2000), but pb activates Sex combs reduced in
the labial imaginal disc (Abzhanov et al., 2001).
It has been proposed that the primordia of female and male
genitalia could be subdivided into an ‘appendage-like’ and a ‘trunk-
like’ region (Estrada and Sánchez-Herrero, 2001). We can now
define these two regions of the female A8 more precisely. The
‘appendage-like’ region would be that expressing abd-A and low
levels of Abd-B, and corresponds approximately to the presumptive
internal female genitalia (region I in Fig. 8B). This domain is
roughly coincident with the region of expression of a reporter
insertion in buttonhead, the gene that defines ventral appendage
development (C. Estella, PhD Thesis, Universidad Autónoma de
Madrid, 2003) (Estella et al., 2003), and this is also, approximately,
the domain where Abd-B– clones may activate Dll (Estrada and
Sánchez-Herrero, 2001). If this subdivision is correct, the
‘appendage’ specification defined by buttonhead would be repressed
in the wild type by Abd-B, which both limits Dll expression to a few
cells of the A8 primordium and prevents Dll function (Estrada and
Sánchez-Herrero, 2001). Abd-B– clones in this region eliminate abd-
A expression and promote leg or antenna development. This
subdivision may also apply to the male disc, the penis apparatus
presumptive region being the main ‘appendage’ domain. Similar to
what we have described, the labial disc possesses a large
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Fig. 8. Comparison of genetic interactions in embryonic epidermis
and in the mature female genital disc, and organization of the A8
in the female genital disc. (A) Regulatory interactions between abd-A,
Abd-B and Dll in the embryonic epidermis and in the mature genital
discs. In the embryo, Abd-B represses abd-A in the A8, and abd-A
represses Dll in the abdominal segments. In the third instar female
genital disc, it seems that Abd-B maintains abd-A transcription, and that
ectopic Dll can repress abd-A. (B) In the A8 of the female disc we can
distinguish two regions (Estrada and Sánchez-Herrero, 2001) (this
report). The anterior region (region I, purple) expresses buttonhead, abd-
A and low levels of Abd-B, and can activate Dll in the absence of Abd-B.
It represents the ‘appendage’ part of the genitalia and corresponds
mainly or exclusively to the internal genitalia. The lower region (region II)
does not express abd-A or buttonhead, but expresses high levels of Abd-
B. It corresponds to the ‘trunk’ region of the female A8. In this region,












‘appendage’ region that is revealed by Dll derepression in pb
mutations (Abzhanov et al., 2001). This characteristic, and the
changes in Hox gene cross-regulation between the embryo and the
imaginal disc, are two features shared by pb/labial disc and Abd-
B/genital disc.
We thank G. Morata for support and discussions; N. Azpiazu and D. L.
Garaulet for help with the experiments; A. Busturia, I. Guerrero, G. Morata
and M. Suzanne for comments on the manuscript; S. Pelaz and G. Morata for
communicating unpublished results; and R. González for technical assistance.
We also thank M. Akam, W. Bender, S. Celniker, I. Duncan, I. Guerrero, F.
Karch, A. Michelson, I. Miguel-Aliaga, R. White and the Bloomington Stock
Center for stocks; and N. Azpiazu, M. Bienz, J. Casanova, F. Casares, S.
Celniker, S. Cohen, A. Michelson, G. Panganiban and R. Reuter for antibodies.
This work has been supported by grants from the Dirección General de
Investigación Cientíﬁca y Técnica (number BMC 2002-00300), the Comunidad
Autónoma de Madrid (number 08.1/0031/2001.1) and an Institutional Grant
from the Fundación Ramón Areces. D.F. and L.d.N. are supported by
fellowships from the Spanish Ministerio de Educación y Ciencia.
References
Abzhanov, A., Holtzman, S. and Kaufman, T. C. (2001). The Drosophila
proboscis is speciﬁed by two Hox genes, proboscipedia and Sex combs reduced,
via repression of leg and antennal appendages. Development 128, 2803-2814.
Allan, D. W., Pierre, S. E., Miguel-Aliaga, I. and Thor, S. (2003). Speciﬁcation
of neuropeptide cell identity by the integration of retrograde BMP signaling and
a combinatorial transcription factor code. Cell 113, 73-86.
Ashburner, M. (1989). Drosophila: A Laboratory Manual. New York: Cold Spring
Harbor Laboratory Press.
Azpiazu, N. and Morata, G. (2002). Distinct functions of homothorax in leg
development in Drosophila. Mech. Dev. 119, 55-67.
Baena-López, A., Pastor-Pareja, J. C. and Rerino, J. (2003). Wg and Egfr
signalling antagonise the development of the peripodial epithelium in
Drosophila wing discs. Development 130, 6497-6506.
Bender, W. and Hudson, A. (2000). P element homing to the Drosophila bithorax
complex. Development 127, 3981-3982.
Boulet, A. M., Lloyd, A. and Sakonju, S. (1991). Molecular deﬁnition of the
morphogenetic and regulatory functions and the cis-regulatory elements of the
Drosophila Abd-B homeotic gene. Development 111, 393-405.
Boyle, M. and DiNardo, S. (1995). Speciﬁcation, migration and assembly of the
somatic cells of the Drosophila gonad. Development 121, 1815-1825.
Brand, A. and Perrimon, N. (1993). Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Development 118, 410-
415.
Brookman, J. J., Toosy, A. T., Shashidhara, L. S. and White, R. A. H. (1992).
The 412 retrotransposon and the development of gonadal mesoderm in
Drosophila. Development 116, 1185-1192.
Bryant, P. (1978). Pattern formation in imaginal discs. In The Genetics and Biology
of Drosophila, Vol. 2c (ed. M. Ashburner and T. R. F. Wright). New York:
Academic Press.
Bryant, P. and Hsei, B. W. (1977). Pattern formation in asymmetrical and
symmetrical imaginal discs of Drosophila melanogaster. Am. Zool. 17, 595-611.
Busturia, A., Casanova, J., Sánchez-Herrero, E., González, R. and Morata, G.
(1989). Genetic structure of the abd-A gene of Drosophila. Development 107,
575-583.
Calleja, M., Moreno, E., Pelaz, S. and Morata, G. (1996). Visualization of gene
expression in living adult Drosophila. Science 274, 252-255.
Campos-Ortega, J. A. and Hartenstein, V. (1985). The Embryonic Development
of Drosophila Melanogaster. Berlin: Springer-Verlag.
Casanova, J., Sánchez-Herrero, E. and Morata, G. (1986). Identiﬁcation and
characterization of a parasegment speciﬁc regulatory element of the Abdominal-
B gene of Drosophila. Cell 47, 627-636.
Casares, F. and Sánchez-Herrero, E. (1995). Regulation of the infraabdominal
regions of the bithorax complex of Drosophila by gap genes. Development 121,
1855-1866.
Casares, F., Sánchez, L., Guerrero, I. and Sánchez-Herrero, E. (1997). The
genital disc of Drosophila melanogaster. I. Segmental and compartmental
organization. Dev. Genes Evol. 207, 216-228.
Castelli-Gair, J. and Akam, M. (1995). How the Hox gene Ultrabithorax speciﬁes
two different segments: the signiﬁcance of spatial and temporal regulation
within metameres. Development 121, 2973-2982.
Castelli-Gair, J., Greig, S., Micklem, G. and Akam, M. (1994). Dissecting the
temporal requirements for homeotic gene function. Development 120, 1983-
1995.
Celniker, S. E. and Lewis, E. B. (1987). Transabdominal, a dominant mutant of
the Bithorax Complex, produces a sexually dimorphic segmental transformation
in Drosophila. Genes Dev. 1, 111-123.
Celniker, S., Keelan, D. J. and Lewis, E. B. (1989). The molecular genetics of the
bithorax complex of Drosophila:characterization of the products of the
Abdominal-B domain. Genes Dev. 3, 1424-1436.
Celniker, S. E., Sharma, S., Keelan, D. J. and Lewis, E. B. (1990).The molecular
genetics of the bithorax complex of Drosophila: cis-regulation in the Abdominal-
B domain. EMBO J. 13, 4277-4286.
Chen, E. H. and Baker, B. (1997). Compartmental organization of the Drosophila
genital imaginal disc. Development 124, 205-218.
Chen, E. H., Christiansen, A. E. and Baker, B. (2005). Allocation and
speciﬁcation of the genital disc precursor cells in Drosophila. Dev. Biol. 281,
270-285.
Christiansen, A. E., Keisman, E. L., Ahmad, S. M. and Baker, B. S. (2002). Sex
comes in from the cold: the integration of sex and pattern. Trends Genet. 18,
510-516.
Cohen, B., Wimmer, E. A. and Cohen, S. M. (1991). Early development of leg
and wing primordia in the Drosophila embryo. Mech. Dev. 33, 229-240.
Cohen, S. M., Bronner, G., Kuttner, F., Jürgens, G. and Jäckle, H. (1989).
Distal-less encodes a homeodomain protein required for limb development in
Drosophila. Nature 338, 432-434.
Cubas, P., de Celis, J. F., Campuzano, S. and Modolell, J. (1991). Proneural
clusters of achaete-scute expression and the generation of sensory organs in the
Drosophila imaginal wing disc. Genes Dev. 5, 996-1008.
Cumberledge, S., Szabad, J. and Sakonju, S. (1992). Gonad formation and
development requires the abd-A domain of the bithorax complex in Drosophila
melanogaster. Development 115, 395-402.
DeLorenzi, M. and Bienz, M. (1990). Expression of Abdominal-B homeoproteins
in Drosophila embryos. Development 108, 323-329.
DeLorenzi, M., Ali, N., Saari, G., Henry, C., Wilcox, M. and Bienz, M. (1988).
Evidence that the Abdominal-B r element function is conferred by a trans-
regulatory homeoprotein. EMBO J. 7, 3223-3231.
Duncan, D. M., Burgess, E. and Duncan, I. (1998). Control of distal antennal
identity and tarsal development in Drosophila by spineless-aristapedia, a
homolog of the mammalian dioxin receptor. Genes Dev. 12, 1290-1303.
Duncan, I. (1982). Polycomblike: a gene that appears to be required for the
normal expression of the bithorax and Antennapedia gene complexes of
Drosophila melanogaster. Genetics 102, 49-70.
Emerald, B. S. and Roy, J. K. (1998). Organizing activities of engrailed,
hedgehog, wingless and decapentaplegic in the genital discs of Drosophila
melanogaster. Dev. Genes Evol. 208, 504-516.
Epper, F. (1983). Three-dimensional fate map of the female genital disc of
Drosophila melanogaster. Roux’s Arch. Dev. Biol. 192, 270-274.
Estella, C., Rieckhof, G., Calleja, M. and Morata, G. (2003). The role of
buttonhead and Sp1 in the development of the ventral imaginal discs of
Drosophila. Development 130, 5929-5941.
Estrada, B. and Sánchez-Herrero, E. (2001). The Hox gene Abdominal-B
antagonizes appendage development in the genital disc of Drosophila.
Development 128, 331-339.
Estrada, B., Casares, F., Busturia, A. and Sánchez-Herrero, E. (2002). Genetic
and molecular characterization of a novel iab-8 regulatory domain in the
Abdominal-B gene of Drosophila melanogaster. Development 129, 5195-5204.
Estrada, B., Casares, F. and Sánchez-Herrero, E. (2003). Development of the
genitalia in Drosophila melanogaster. Differentiation 71, 299-310.
Freeland, D. E. and Kuhn, D. T. (1996). Expression patterns of developmental
genes reveal segment and parasegment organization of D. melanogaster genital
discs. Mech. Dev. 56, 61-72.
Frischer, L., Hagen, F. S. and Garber, R. L. (1986). An inversion that disrupts the
Antennapedia gene causes abnormal structure and localization of RNAs. Cell 47,
1017-1023.
Fuse, N., Hirose, S. and Hayashi, S. (1996). Determination of wing cell fate by
the escargot and snail genes in Drosophila. Development 122, 1059-1067.
Gehring, W., Affolter, M. and Bürglin, T. (1994). Homeodomain proteins. Annu.
Rev. Biochem. 63, 487-526.
Gorﬁnkiel, N., Morata, G. and Guerrero, I. (1997). The homeobox gene Distal-
less induces ventral appendage development in Drosophila. Genes Dev. 11,
2259-2271.
Gorﬁnkiel, N., Sánchez, L. and Guerrero, I. (1999). Drosophila terminalia as an
appendage-like structure. Mech. Dev. 86, 113-123.
Gorﬁnkiel, N., Sánchez, L. and Guerrero, I. (2003). Development of the
Drosophila genital disc requires interactions between its segmental primordia.
Development 130, 295-305.
Graba, Y., Aragnol, D. and Pradel, J. (1997). Drosophila Hox complex
downstream targets and the function of homeotic genes. BioEssays 19, 379-
388.
Greig, S. and Akam, M. (1995). The role of homeotic genes in the speciﬁcation
of the Drosophila gonad. Curr. Biol. 5, 1057-1062.
Gyurkovics, H., Gausz, J., Kummer, J. and Karch, F. (1990). A new homeotic
mutation in the Drosophila bithorax complex removes a boundary separating
two domains of regulation. EMBO J. 9, 2579-2585.
Hafen, E., Levine, M. and Gehring, W. J. (1984). Regulation of Antennapedia
transcript distribution by the bithorax complex in Drosophila. Nature 307, 287-
289.











Hartenstein, V. and Jan, Y. N. (1992). Studying Drosophila embryogenesis with
P-lacZ enhancer trap lines. Roux’s Arch. Dev. Biol. 201, 194-220.
Hopmann, R., Duncan, D. and Duncan, I. (1995). Transvection in the iab-5,6,7
region of the bithorax complex of Drosophila: homology independent
interactions in trans. Genetics 139, 815-833.
Ito, K., Awano, W., Suzuki, K., Hiromi, Y. and Yamamoto, D. (1997). The
Drosophila mushroom body is a quadruple structure of clonal units each of
which contains a virtually identical set of neurons and glial cells. Development
124, 761-771.
Jorgensen, E. M. and Garber, R. L. (1987). Function and misfunction of the two
promoters of the Drosophila Antennapedia gene. Genes Dev. 1, 544-555.
Karch, F., Weiffenbach, B., Peifer, M., Bender, W., Duncan, I., Celniker, S.,
Crosby, M. and Lewis, E. B. (1985). The abdominal region of the bithorax
complex. Cell 43, 81-96.
Karch, F., Bender, W. and Weiffenbach, B. (1990). abdA expression in
Drosophila embryos. Genes Dev. 4, 1573-1587.
Keisman, E. L. and Baker, B. S. (2001). The Drosophila sex determination
hierarchy modulates wingless and decapentaplegic signaling to deploy
dachsund, sex-speciﬁcally in the genital imaginal disc. Development 128, 1643-
1656.
Keisman, E. L., Christiansen, A. E. and Baker, B. S. (2001). The sex
determination gene doublesex regulates the A/P organizer to direct sex-speciﬁc
patterns of growth in the Drosophila genital imaginal disc. Dev. Cell 1, 215-225.
Kosman, D., Ip, Y. T., Levine, M. and Arora, K. (1991). Establishment of the
mesoderm-neuroectoderm boundary in the Drosophila embryo. Science 254,
118-122.
Kuhn, D. T., Woods, D. F. and Andrew, D. J. (1981). Linkage analysis of the
tumorous-head (tuh-3) gene in Drosophila melanogaster. Genetics 99, 99-107.
Kuziora, M. A. and McGinnis, W. (1988). Different transcripts of the Drosophila
Abd-B gene correlate with distinct genetic sub-functions. EMBO J. 7, 3233-
3244.
Lewis, E. B. (1978). A gene complex controlling segmentation in Drosophila.
Nature 276, 565-570.
Lewis, E. B. (1981). Developmental genetics of the bithorax complex in
Drosophila. In Developmental Biology Using Puriﬁed Genes: ICN-UCLA Symposia
on Molecular and Cellular Biology, Vol. 23 (ed. D. D. Brown and C. F. Fox), pp.
189-208. New York: Academic Press.
Littleﬁeld, C. L. and Bryant, P. J. (1979). Prospective fates and regulative
capacities of fragments of the female genital disc of Drosophila melanogaster.
Dev. Biol. 70, 127-148.
Macías, A., Casanova, J. and Morata, G. (1990). Expression and regulation of
the abd-A gene of Drosophila. Development 110, 1197-1207.
Mack, J. A., Smith, R. D. and Kuhn, D. T. (1997). Mobile element 297 in the
Abd-B gene of Drosophila melanogaster, not Delta 88, is responsible for the
tuh-3 mutation. Genetics 147, 679-688.
Mann, R. S. and Morata, G. (2000). The developmental and molecular biology of
genes that subdivide the body of Drosophila. Annu. Rev. Cell Dev. Biol. 16, 243-
271.
Martin, C. H., Mayeda, C. A., Davis, C. A., Ericsson, C. L., Kafels, J. D.,
Mathog, D. R., Celniker, S. E., Lewis, E. B. and Palazzolo, M. J. (1995).
Complete sequence of the bithorax complex of Drosophila. Proc. Natl. Acad. Sci.
USA 92, 8398-8402.
McGinnis, W. and Krumlauf, R. (1992). Homeobox genes and axial patterning.
Cell 24, 283-302.
Michelson, A. M. (1994). Muscle pattern diversiﬁcation in Drosophila is
determined by the autonomous function of homeotic genes in the embryonic
mesoderm. Development 120, 755-768.
Miller, D. F. B., Rogers, B. T., Kalkbrenner, A., Hamilton, B., Holtzman, S. L.
and Kaufman, T. (2001). Cross-regulation of Hox genes in the Drosophila
melanogaster embryo. Mech. Dev. 102, 3-16.
Moore, L. A., Broihier, H. T., Van Doren, M., Lunsford, L. B. and Lehmann, R.
(1998). Identiﬁcation of genes controlling germ cell migration and embryonic
gonad formation in Drosophila. Development 125, 667-678.
Morata, G. and Ripoll, P. (1975). Minutes: mutants of Drosophila autonomously
affecting cell division rate. Dev. Biol. 42, 211-221.
Morata, G. and Lawrence, P. (1978). Anterior and posterior compartments in the
head of Drosophila. Nature 274, 473-474.
Moreno, E. and Morata, G. (1999). Caudal is the Hox gene that speciﬁes the
most posterior Drosophila segment. Nature 400, 873-877.
Nöthiger, R., Dübendorfer, A. and Epper, F. (1977). Gynandromorphs reveal
two separate primordial for male and female genitalia. Roux’s Arch. Dev. Biol.
181, 367-373.
Panganiban, G., Sebring, A., Nagy, L. and Carroll, S. (1995). The development of
crustaceans limbs and the evolution of the arthropods. Science 24, 1363-1366.
Rusch, D. and Kaufman, T. C. (2000). Regulation of proboscipedia in Drosophila
by homeotic selector genes. Genetics 156, 183-194.
Sánchez, L. and Guerrero, I. (2001). The development of the Drosophila genital
disc. BioEssays 23, 698-707.
Sánchez, L., Casares, F., Gorﬁnkiel, N. and Guerrero, I. (1997). The genital disc
of Drosophila melanogaster. II. Roles of the genes hedgehog, decapentaplegic
and wingless. Dev. Genes Evol. 207, 229-241.
Sánchez, L., Gorﬁnkiel, N. and Guerrero, I. (2001). Sex determination genes
control the development of the Drosophila genital disc, modulating the response
to Hedgehog, Wingless and Decapentaplegic signals. Development 128, 1033-
1043.
Sánchez-Herrero, E. (1991). Control of the expression of the bithorax complex
genes abdominal-A and Abdominal-B by cis-regulatory regions in Drosophila
embryos. Development 111, 437-449.
Sánchez-Herrero, E. and Crosby, M. A. (1988). The Abdominal-B gene of
Drosophila melanogaster: overlapping transcripts exhibit two different spatial
distributions. EMBO J. 7, 2163-2173.
Sánchez-Herrero, E., Vernos, I., Marco, R. and Morata, G. (1985). Genetic
organization of the Drosophila Bithorax complex. Nature 313, 108-113.
Sanchez-Herrero, E., Guerrero, I., Sampedro, J. and Gonzalez-Reyes, A.
(1994). Developmental consequences of unrestricted expression of the abd-A
gene of Drosophila. Mech. Dev. 46, 153-167.
Schneuwly, S., Kuroiwa, A. and Gehring, W. J. (1987a). Molecular analysis of
the dominant homeotic Antennapedia phenotype. EMBO J. 6, 201-206.
Schneuwly, S., Klemenz, R. and Gehring, W. J. (1987b). Redesigning the body
plan of Drosophila by ectopic expression of the homeotic gene Antennapedia.
Nature 325, 816-818.
Schüpbach, T., Wieschaus, E. and Nöthiger, R. (1978). The embryonic
organization of the genital disc studied in genetic mosaics of Drosophila
melanogaster. Roux’s Arch. Dev. Biol. 185, 249-270.
Simcox, A. A., Hersperger, E., Shearn, A. and Whittle, J. R. S. (1991).
Establishment of imaginal discs and histoblasts nests in Drosophila. Mech. Dev.
34, 11-20.
Staehling-Hampton, K., Jackson, P. D., Clark, M. J., Brand, A. H. and
Hoffmann, F. M. (1994). Speciﬁcity of bone morphogenetic protein (BMP)
related factors: cell fate and gene expression changes in Drosophila embryos
induced by decapentaplegic but not 60A. Cell Growth Differ. 5, 585-593.
Stoﬂet, E. S., Koerbel, D. D., Sarkar, G. and Sommer, S. S. (1988). Genomic
ampliﬁcation with transcript sequencing. Science 239, 491-494.
Struhl, G. and White, R. A. H. (1985). Regulation of the Ultrabithorax gene of
Drosophila by other bithorax complex genes. Cell 43, 507-519.
Tiong, S., Bone, L. M. and Whittle, J. R. (1985). Recessive lethal mutations
within the bithorax complex in Drosophila. Mol. Gen. Genet. 200, 335-342.
Vachon, G., Cohen, B., Pfeiﬂe, C., McGuffin, M. E., Botas, J. and Cohen, S. M.
(1992). Homeotic genes of the bithorax complex repress limb development in
the abdomen of the Drosophila embryo through the target gene Distal-less. Cell
71, 437-450.
Warrior, R. (1994). Primordial germ cell migration and the assembly of the
Drosophila embryonic gonad. Dev. Biol. 166, 180-194.
Weaver, R. A. H. and White, T. A. (1995). headcase, and imaginal speciﬁc gene
required for adult morphogenesis in Drosophila melanogaster. Development
121, 4149-4160.
Whiteley, M., Noguchi, P. D., Sensabau, S. M., Odenwald, W. F. and Kassis, J.
A. (1992). The Drosophila gene escargot encodes a zinc ﬁnger motif found in
snail-related genes. Mech. Dev. 36, 117-127.
Wolff, T. (2000). Histological techniques or the Drosophila eye. Part I: larva and
pupa. In Drosophila Protocols (ed. W. Sullivan, M. Ashburner and R. S. Hawley),
pp. 201-227. New York: Cold Spring Harbor Laboratory Press. 
Wu, J. and Cohen, S. M. (2000). Proximal distal axis formation in the Drosophila
leg: distinct functions of teashirt and homothorax in the proximal leg. Mech.
Dev. 94, 47-56.
Xu, T. and Rubin, G. M. (1993). Analysis of genetic mosaics in developing and
adult Drosophila tissues. Development 117, 1223-1237.
Zavortink, M. and Sakonju, S. (1989). The morphogenetic and regulatory
functions of the Drosophila Abdominal-B gene are encoded in overlapping RNAs
transcribed from separate promoters. Genes Dev. 3, 1969-1981.
127RESEARCH ARTICLEabd-A and Abd-B function in the Drosophila genitalia
